Proxy records of the Pliocene show significant warm anomalies of sea surface temperatures near mid-latitude upwelling sites at the eastern boundaries of the Pacific and Atlantic Oceans. Weaker upwelling-favorable mean winds or a deeper thermocline have been proposed as explanations, yet the mechanisms involved are still not clear and the dramatic warmings of up to 9 • C are only partially unaccounted for. We quantify the response of intensity of strong transient upwelling-favorable wind events, defined to have a wind velocity over 5m/s and a duration of at least three days, to two reconstructions of Pliocene SST. Such events are responsible for much of the modern upwelling SST signal and may therefore be a more relevant measure than the climatological winds. We find that both the amplitude and duration of upwelling-favorable events are reduced in the Pliocene scenarios. This reduction is shown to be closely related to changes in anticyclonic atmospheric activity in a warmer climate.
Introduction

29
The early-to-mid Pliocene, 5.3-3.1 million years ago, was the most recent period of sustained 30 global warmth and is considered an analogue for a future global warming scenario (Dowsett et al., 
64
Another possibility is that a smaller equator-to-pole temperature gradient and a weaker Hadley coastal upwelling driven by AWS and offshore upwelling driven by wind stress curl. However, 74 4 such reductions alone appear to be insufficient to explain the anomalies suggested by temperature 75 proxies (Miller and Tziperman, 2017) .
76
At present-day, the narrow strip of cold upwelling water is confined within 10-50 km of the lying on biological activity to record SST, is mostly affected by strong upwelling-favorable wind 90 events, and this indeed is our focus here.
91
We build on the work of Arnold and Tziperman (2015) , using higher resolution simulations 92 and considering the role of wind variability and strong wind events, focusing on the California 93 upwelling site. We find a large reduction in the number of strong upwelling wind events in simu-94 lations with Pliocene SST. We further show that strong upwelling events are always accompanied 95 by anticyclones over the northeast Pacific Ocean, and that both the frequency and amplitude of 96 those upwelling-favorable anticyclones is reduced in the Pliocene scenarios. Upwelling can be divided into coastal and offshore fluxes. Coastal upwelling is caused by the 118 AWS parallel to the shore which leads to off-coast horizontal transport and to a subsequent cold 119 6 upwelling from below. Offshore upwelling, on the other hand, is caused by the divergence of 120 surface water driven by wind stress curl. Thus, the expressions of coastal upwelling and offshore 121 upwelling (Bakun and Nelson, 1991; Marshall and Plumb, 2016) can be written as,
Here τ is the wind stress vector, τ as is the "along-shore" component parallel to the coast and tracked through time to produce trajectories of the feature centers (Hodges, 1995) . We use this 142 approach to track the position and intensity of anticyclones using 6-hourly sea level pressure data 143 and to better understand the reduction in strong upwelling events during the early-to-mid Pliocene.
144
The intensity is defined relative to the large scale background at each time step which is removed 145 by the spectral filter: the pressure is first decomposed into spherical harmonics and the coefficients 146 for total wave numbers less than six are set to zero (Hodges, 1996) to remove the large-scale 
Results
164
We divide the results into three parts. First, we repeat the experiments from Arnold and Tziper- and increases slightly from 38.4% to 43.5% with idealized SST, as shown in 
220
We also examine a measure for the total upwelling flux by multiplying the total number of strong 221 upwelling days by the average upwelling intensity during these days. This measure decreases with
222
PRISM4 SST relative to modern by 13.2%, and with the idealized Pliocene SST by 47.0%. We also To better understand the cause of the reduction in strong upwelling events, we consider the time 229 evolution of selected events. Consider the the sea level pressure and wind stress and offshore 230 upwelling in the two largest coastal upwelling wind events from the modern run shown in Fig. 4 .
231
Although there are some differences in the pattern, we can see a strong anticyclonic high to the east 232 of the upwelling site in both events, enhancing the along-shore wind velocity at the upwelling site.
233
This leads us to hypothesize that changes to the behavior of such Northeast Pacific anticyclones 234 may cause the reduction in upwelling at the California site during the Pliocene.
235
We therefore proceed to analyze the movement and location of subtropical anticyclones for the 236 three different SSTs. Figure 5 shows the composite of SLP and surface wind stress and offshore 237 upwelling for all strong upwelling events in each scenario. Events in each case are defined using leading to a smaller alongshore upwelling-favorable wind stress and weaker offshore upwelling,
244
resulting in an expected weakening of Pliocene upwelling events.
245
We next track the location and intensity of every anticyclone of our twenty year runs, based 246 on 6-hourly output, in all three SST scenarios, using the TRACK Program (section d). explaining the upwelling changes seen in the above analysis.
259
The TRACK analysis is also used to calculate the intensity of the anticyclones presented in 
268
We conclude that the TRACK analysis demonstrates that both the frequency of occurrence and 
Conclusions
273
We examined the hypothesis that the warming of coastal mid latitude upwelling sites during the
274
Pliocene was a result of change to the magnitude and frequency of strong upwelling-favorable 275 wind events, rather than, or in addition to, changes to the mean winds or other ocean factors. We coastline. We used two indices reflecting the magnitude of both coastal upwelling due to the wind 283 amplitude, and offshore upwelling due to the wind curl, and examined extreme events in these 284 indices for modern SST and for two Pliocene SST scenarios.
285
Our main result is that strong upwelling-favorable wind events are reduced more than the mean 286 in Pliocene SST scenarios compared with modern one. We also showed that strong upwelling 287 wind events are associated with anticyclonic atmospheric motions to the west of the upwelling 288 site, and in order to understand the changes to the coastal upwelling wind events, we examined 289 the effects of the Pliocene SST on mid-latitude anticyclones frequency and intensity. We track the 290 position and intensity of anticyclones using 6-hourly sea level pressure (Hodges, 1995) and find 291 a decrease of both intensity and duration of anticyclones that lead to upwelling-favorable winds 292 events. Specifically, we show a weakening of the density of tracks above the subtropical high east 293 of the California upwelling system and a spread of the density both north and south.
294
The physical mechanism behind these changes is beyond the scope of this paper, but may be 
300
There is evidence that strong upwelling-favorable wind events are responsible for most of the 301 upwelling impact on sea surface temperature and most of the effect on biological productivity 302 14 which is recorded in proxy records. Our results that these wind events decrease significantly for LIST OF FIGURES Indices are based on average alongshore wind stress (coastal) or wind stress curl (offshore) within a 300 km square box around the sediment core site. Shading indicates ±1 standard error. 
